P-21 activated kinases, or PAKs, are serine-threonine kinases that serve a role in diverse biological functions and organ system diseases. Although PAK signaling has been the focus of many investigations, still our understanding of the role of PAK in inflammation is incomplete. This review consolidates what is known about PAK1 across several cell types, highlighting the role of PAK1 and PAK2 in inflammation in relation to NADPH oxidase activation. This review explores the physiological functions of PAK during inflammation, the role of PAK in several organ diseases with an emphasis on cardiovascular disease, and the PAK signaling pathway, including activators and targets of PAK. Also, we discuss PAK1 as a pharmacological antiinflammatory target, explore the potentials and the limitations of the current pharmacological tools to regulate PAK1 activity during inflammation, and provide indications for future research. We conclude that a vast amount of evidence supports the idea that PAK is a central molecule in inflammatory signaling, thus making PAK1 itself a promising prospective pharmacological target.
Introduction
P-21 activated kinases, or PAKs, are serine-threonine kinases activated by the small GTP binding proteins Cdc42 and Rac1 [1, 2] , and they serve a role in diverse biological functions and organ system diseases [3] . So far, the PAK isoforms identified in mammalian cells are characterized into group I (PAK1-3) and group II (PAK4-6). The first group of PAKs shares a high sequence homology and is highly evolutionarily conserved [3] .
Originally discovered in brain tissue [4] , PAKs are important regulators of the inflammatory response. To the best of our knowledge, only PAK1 and PAK2, but not PAK3, have been thus far associated with inflammation, immunity, and infective diseases [5] [6] [7] [8] [9] . Additionally, PAK1 and PAK2 are the two most abundantly expressed PAK isoforms in white blood cells, including T lymphocytes, neutrophils, macrophages, and mast cells [10] [11] [12] [13] [14] . One way in which PAK1 and PAK2 regulate the molecular mechanisms of inflammation is through activation of their downstream target nicotinamide adenine dinucleotide phosphate-oxidase (NADPH oxidase) in neutrophils [15, 16] . In the above mentioned cell types, PAK1 is implicated in the regulation of NADPH oxidase activity through several direct and indirect mechanisms, which are described hereafter.
In this review, we describe the role of PAKs in inflammation, with an emphasis on PAK1 and PAK2. PAK signaling has been the focus of many investigations under many different experimental models and conditions. This review aims to piece together what is known about PAK1 across several cell types, highlighting the role of PAK1 and PAK2 in inflammation in relation to NADPH oxidase activation. Also, we will discuss the role of PAK1 as a therapeutic anti-inflammatory target, explore the potentials and the limitations of the current drugs that regulate PAK1 activity during inflammation, and provide indications for future research.
PAK structure and activation
P21-activated kinases are a family of enzymes that are central in regulating intracellular signaling and cellular functions [13, 17, 18] . The actions of PAKs in the context of different cellular functions [19] are tightly regulated and are often achieved as a result of conformational changes in PAK molecular domains. Thus, a clear knowledge of the structure of PAKs is fundamental to understand their regulation and functions. In Fig. 1 , we illustrate the primary structure of PAK1, and we show one of the most studied mechanisms of its activation.
The entire PAK structure is incompletely understood, although the crystal structure of PAK1 has been partly resolved. So far, it is known that the N-terminus of Group I PAKs shares a unique proline-rich motif located between amino acids 182-203, which is the binding site of the SH3 domain of PIX, an essential activator of PAK1/2/3 ( Fig. 1 A) . Thus far, only some parts of the auto-inhibitory domain, located in the N-terminal domain, and the kinase domain, located in the C-terminal domain, of some members of the PAK family have been elucidated [19] .
One important key to understanding PAK structure and function is to understand its mechanism of activation. When in the inactive state, PAK1 homodimerizes with another PAK1 molecule through the dimerization segment (DI), the inhibitor switch domain (IS), the kinase-inhibiting segment (KI) domain, and an amino acid segment across the kinase domain ( Fig. 1 B) . The IS domain overlaps with the protein binding domain (PBD), which binds the GTPases Rac1/cdc42 and the auto-inhibitory domain (AID). The binding of GTPases to the PBD induces a conformational change in the kinase inhibitor (KI) fragment located within the AID. This is first followed by the dissociation of the IS from the kinase domain, then by PAK autophosphorylation of the T-loop, resulting in the activation of PAK1.
An ATP binding pocket (where ATP is the native ligand) exists and lies between the N-lobe and the C-lobe of the PAK1 kinase domain. This niche has been recently exploited to achieve pharmacological modulation of PAK1. A molecular analysis of the kinase domain structure using a Q-site finder technique has illustrated that molecular niches exist that could nest small pharmacological molecules. In fact, most PAK non-native ligands (e.g. 3Q53 [20] , 3FXZ [21] , 3FY0 [21] , and 2HY8 [22] ) bind to the ATP binding pocket, nurturing hopes that modulation of PAKs can be pharmacologically achieved.
Additional studies are required to fully understand the mechanism of PAK activation, especially across multiple organs and cell types. There remains a limited understanding of the effects of PAK regulation of the inflammatory process. A better understanding of both the role of PAK in multiple systems, as well as the relationship between the PAK structure and function, will provide the necessary knowledge to design activators or inhibitors that bind to PAK and modulate its functions in the inflammatory process.
Mechanisms of PAK activation
Besides activation via the small Rho GTPase Rac1, PAK1 can alternatively or synergistically be activated by other molecules, including membrane lipids [23] or receptor agonists [24] . Recently, we have understood that a vast number of important regulators of the inflamma-tory process act upon PAK1 as a downstream target and exert their effects through PAK1. In this section and in Fig. 2 , we describe some recent advances in the understanding of signaling mechanisms involved in the activation of PAK during inflammation.
Lipid-mediated and receptor tyrosine kinase-mediated activation of PAK1 and NADPH oxidase
Long chain sphingoid bases, sphingosine, phosphatidic acid, and phosphatidyl inositol produce stimulatory effects on PAK1 through a domain that is similar to the GTP ase binding domain [25] . On the contrary, other lipids, such as ceramide, have no effect on its activation [25] . These lipid-mediated stimulatory effects of PAK1 have been tested in vitro by measuring phosphorylation on a p47phox substrate. In in vivo systems, both sphingosine and sphingoid bases regulate phagocyte oxidant production [26] . Additionally, lipids have also been implicated in cytoskeletal remodeling [27, 28] , an important mechanism that facilitates the translocation of the cytosolic subunits of the NADPH oxidase to the plasma membrane [26] .
PAK and RAGE
The receptor for advanced glycation endproducts (RAGE) is a transmembrane receptor involved in the activation and regulation of inflammation. RAGE activation has been implicated in sterile inflammation, cancer, diabetes, and Alzheimer's disease [29, 30] . RAGE is an upstream activator of several other important regulators in the inflammatory process, including NADPH oxidase [31, 32] , Cdc42/Rac1 [33] , protein kinase C alpha (PKCα) [31] , p21-ras [34] , and nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) [35] (Fig. 2) . These mediators in turn trigger the activation of PAK1 by Cdc42/Rac1 [36] .
PAK and HMGB1
Another mechanism leading to chemotaxis of leukocytes involves the RAGE receptor ligand, high mobility group box 1 protein (HMGB1) [37] . HMGB1 is a nuclear protein released from cells during periods of stress, including cell death [29, 38] . HMGB1 activates innate immunity [38] and is one activator of RAGE during necrosis [39] . HMGB1 can act as a chemoattractant [37] . PAKs are activated in neutrophils following administration of a variety of chemoattractants [40] . Other ligands of RAGE include advanced glycation end products (AGEs), which have been shown to result in an increase in ROS production [41] . AGEs are often implicated in age-related disorders such as Alzheimer's disease [42] , cardiovascular disease [43] , retinal disease [44] , atherosclerosis [45] , and diabetes [45] . AGEs have been demonstrated to be able to act as upstream regulators of PAK1 signaling [46] . However, these signaling pathways are incompletely understood, and remain the focus of many research groups.
PAK and CXCL1
The signaling cascade involving the chemokine (C-X-C motif) ligand 1 (CXCL1) is known to play a major role in inflammation and wound healing [47] . In addition to the above mentioned regulators of inflammatory mechanisms, the signaling cascade involving CXCL1 can lead to the chemotaxis of leukocytes. The downstream effects of CXCL1 signaling intertwine with the downstream effects of the RAGE and Cdc42/Rac1 signaling cascade. One study demonstrated how CXCL1 regulates chemotaxis via PAK1 and also leads to the activation of NF-κB via the Ras-MEKK1-MEK4/6-p38MAPK cascade [47] . NF-κB is a downstream target of several regulators, including p21-ras [34] , RAGE [35] , and ROS [48] . It is a protein complex involved in the up-regulation of major proinflammatory mediators in diseases, such as atherosclerosis [49] , and it is involved in the regulation of cell survival, making it an important potential target in cancer therapy [50] .
In conclusion, there appears to be a vast amount of evidence supporting the idea that PAK is a central molecule in inflammatory signaling, thus making PAK1 itself a promising prospective pharmacological target. Discovering how to regulate the activity of PAK1 downstream of RAGE and CXCL1 could provide an indirect therapeutic approach to governing the activity of PAK1's upstream activators in a wide variety of pathological conditions. One example of this could be in cardiac ischemia and reperfusion injury, in which RAGE activation alters cardiac contractility [51] . In this example, targeting PAK downstream of RAGE may provide a therapeutic tool, since PAK acts on the myofilament proteins [1, 52] , which are the final determinants in the regulation of contractile force [53] .
NADPH oxidase in cardiovascular and inflammatory diseases
As discussed earlier in this review, PAK1 and PAK2 are upstream regulators of the NADPH oxidase (NOX) in neutrophils [15, 16] . The NOX is a multi-subunit enzyme complex which generates reactive oxygen species (ROS), such as and H 2 O 2 , by catalyzing electron transfer from NADPH to molecular oxygen (O 2 ) [54] . For a long time, the NOX has been believed to be an enzyme located exclusively in the plasma membrane and in the phagosomes of professional phagocytic cells, with a role in the activation of the respiratory burst and the killing of engulfed microorganisms. Phagocyte NADPH oxidase consists of the cytosolic subunits p47phox, p67phox, p40phox, the small GTPase Rac, and the flavocytochrome b 558 complex, which is comprised of two membrane-bound subunits, gp91phox and p22phox ( Fig. 3 A and B ).
In the last decade, advances in the understanding of the NOX family have resulted in a current classification of seven NOX family members, which are structurally and functionally quite similar, yet different and unique in their catalytic subunit (Fig. 3 A) [55] . Each member of the NADPH oxidase family comprises a specific catalytic subunit, which carries the same name as the corresponding NADPH oxidase isoform, namely, NOX1, NOX2 (gp91phox), NOX3, NOX4, NOX5, DUOX1, and DUOX2 (see Table 1 ) [56] [57] [58] . Ultrastructural studies have revealed that most of the members of the NADPH oxidase family are membrane-bound enzymes whose catalytic subunits require the cytosolic "organizer" and "regulator" subunit components to achieve full functioning activity [59] [60] [61] [62] . All of these oxidases are capable of transporting electrons across the plasma membranes to generate ROS.
NOXs are now recognized to have specific subcellular localizations, which is required for localized H 2 O 2 production and activation of specific redox signaling pathways to mediate various functions [63, 64] . The expression levels of NOXs vary significantly between organ and tissue types [55, 65, 66] ; NOXs are expressed at high levels only in phagocytes and widely expressed at low concentrations in a variety of organs and cell types, including heart, blood vessel, endothelial cells, vascular smooth muscle cells, and adventitia [55, 65] . NOXs have been implicated in numerous physiological processes, such as the immune response [56, 67] and cellular development, migration, proliferation, differentiation, and gene expression [56, 68] . However, overexpression and/or activation of NOX contribute to various pathophysiologies, including hypertension [1, 56, [69] [70] [71] [72] , thyroid disease [56, 73, 74] , atherosclerosis [75] , myocardial infarction and reperfusion injury [76] , cardiac hypertrophy [77] , cancer [78] and inflammation [79] . These findings suggest that NOXs could be a suitable target for tissue-specific pharmacological inhibition with an implication in a wide variety of diseases [80, 81] .
On one particular note, PAK1 has been shown to be involved in cardiac ischemia/ reperfusion injury [52, 82] and hypertrophy [1, 83] . Given that PAKs regulate NOX activation via p47phox phosphorylation (Fig. 3 B) as described in detail below, it is likely that PAKs are important therapeutic targets for various NOX-dependent cardiovascular and inflammatory diseases. The role of PAK1 in cardiovascular diseases is expanded upon below in Section 7.
Role of PAK1 in NADPH oxidase activation
NADPH oxidase activity is finely regulated by PAK1 and PAK2 [15, 84] . In human neutrophils, PAK1 has been shown to co-localize with and phosphorylate p47phox and to directly bind to p22phox [15] , ascertaining that PAK1 interacts with these two NADPH oxidase subunits. In addition, another study reported that PAK2 phosphorylates p67phox, another NADPH oxidase component [85] . Since it is known that PAK1 is regulated by the NADPH oxidase subunit Rac1, it stands to reason that Rac1 activation of PAK1, which in turn phosphorylates and activates p47phox, provides a mechanism through which NADPH oxidase components can communicate [84] . This provides a mechanism by which the NADPH oxidase can self-regulate via Rac1-PAK1-p47phox signaling [84] . Finally, PAK1 is also a major regulator of the actin cytoskeleton [86] , which is important for NADPH oxidase assembly and function [87] [88] [89] [90] .
PAK1 phosphorylation of p47phox
One of the most important mechanisms of NADPH oxidase activation is mediated by phosphorylation of the NADPH oxidase subunit p47phox. PAK1 mediates p47phox phosphorylation at Ser303/304/320/328 [84] , which occurs both in vitro and in vivo [10, 15] . Phosphorylated p47phox favors the coupling of the p47phox/p67phox heterodimer, which migrates from the cytosol to the membrane to interact with cyt b558. Also, p47phox phosphorylation induces exposure of key binding sites that favor p47phox binding to p22phox on the membrane [91, 92] through membrane phosphoinositol lipids [11, 93] to achieve full activation of the NADPH oxidase. This role for PAK1 has been investigated in Ra2 cells transduced with wild type PAK1, PAK1 mutants, or the auto-inhibitory fragment p21-binding domain (PBD) of PAK1 [84] . In a study by Roepstorff et al., when the PBD or the dominant-negative (K299A) PAK1 mutant was transduced, no significant effects on the respiratory burst or superoxide production were observed in Ra2 cells treated with Nformyl-methionyl-leucyl-phenylalanine (fMLP) [84] . However, transduction of active forms of PAK1 (mutants H83L/H86L and PAK1-T423E) resulted in p47phox phosphorylation in vivo [84] . Similarly, phosphomimetic mutants of p47phox (S303/304/328D) in Ra2 cells resulted in a significant increase in superoxide production compared to baseline [84] . Likewise, PAK1 serves as a key kinase that mediates the activation of the NADPH oxidase and the respiratory burst in activated neutrophils [11] . In conclusion, in order to obtain full activation of p47phox, several Ser residues need to be phosphorylated, including Ser303/304/320, and particularly Ser328 [94] . This mechanism is sufficient to induce a conformational change in p47phox that favors its binding to p22phox and to the phosphatidylinositol lipids present on the membrane [84] .
PAK1 regulation of Rac1, a component of NADPH oxidase
Small GTPases, such as Rac1 or Rac2, Vav1 and P-Rex, all of which are guanine exchange factors (GEF), are also important enzymes that regulate NADPH oxidase during inflammation [84, [95] [96] [97] . Specifically, Rac1 migrates to the membrane independently of p47phox/p67phox to regulate NADPH oxidase activity both in vivo and in vitro [98] . Rac1 functions are mediated by several downstream effectors, including PAK1 [4, 10, 99] . During inflammation, Rac1 is crucial for NADPH oxidase function, as supported by the evidence that NADPH oxidase activation is inhibited in Rac1 knockout mice [100] . In fact, hearts of Rac1 knockout mice, which have experimentally developed diabetes, are characterized by lack of NADPH oxidase activation, reduced expression of its subunits, and loss of ROS production [100] . Better myocardial function in these diabetic Rac1 knockout mice has been attributed to reduced myocardial collagen deposition and attenuated development of myocardial hypertrophy [100] .
PAK1-mediated cytoskeletal remodeling and NADPH oxidase activation
The role of PAK1 in the regulation of the cell cytoskeleton has been investigated in several blood cells involved in the inflammatory response [10, [101] [102] [103] . PAK1-mediated cytoskeletal remodeling plays a key role in NADPH oxidase assembly and promotes NADPH oxidase activation [102] , possibly through activation of cortactin and/or filamin [104, 105] . Several studies have shown that the actin cytoskeleton is implicated in NADPH oxidase regulation, possibly by binding p47phox and possibly other members of the NADPH oxidase complex [106] [107] [108] . It is believed that p47phox and p40phox bind to moesin a member of the ERM (Ezrin/Radixin/Moesin) family known to bind actin [109] , and then are translocated to the membrane. However, the precise mechanism of the NADPH oxidase translocation to the membrane remains elusive and further studies in this direction are warranted.
PAK1-mediated regulation of PGAM-B and NADPH oxidase
Another mechanism by which PAK1 influences the activity of the NADPH oxidase in white blood cells is by regulating phosphoglycerate mutase (PGAM)-B activity, an enzyme of the glycolytic pathway [110] . During activation of the immune response, PAK1 is activated, an event that leads to the association of PAK1 with PGAM-B and subsequent phosphorylation of this enzyme on Ser23 and Ser118, thus resulting in the inhibition of endogenous PGAM-B and the glycolytic pathway [110] . Inhibition of the glycolytic pathway results in a reduced breakdown of glucose to generate ATP and NADH for the energetic needs of the cell. Glucose is therefore diverted from an energy production pathway to the pentose phosphate pathway, a pathway that leads primarily to the production of NADPH, a cofactor that is necessary for proper NADPH oxidase functioning. Fueling of NADPH oxidase with the cofactor NADPH leads to a sustained oxidative burst in the phagocytes during the inflammatory response [111] .
Physiological functions of PAK during inflammation

PAK and neutrophils
The results of the studies illustrated so far implicate a clear role for PAK1 in the innate immunity. PAK1 and PAK2 have been implicated in remodeling of the actin cytoskeleton in activated human neutrophils [14, 101] . Under these experimental conditions, PAK1 appears to colocalize with F-actin at the membrane ruffles and lamellipodia present at the leading edge of polarized cells [14] , where PAKs may serve as a link between upstream molecules (such as Rho GTPases) and downstream cytoskeletal proteins. PAK1 also has a role in the formation of pseudopodia and phagocytic invaginations, thus contributing to the formation of cup-shaped membrane structures which envelop and enclose exogenous particles [14] .
Even though PAK1 is involved in the engulfment of bacteria, it is not involved in the internalization process [14] . Thus, it appears that PAK kinases are important regulators of chemotaxis of human neutrophils, thus accounting for neutrophil directionality, spreading, and migration speed [101] . PAK mediated effects on neutrophil migration are the results of changes in the localization of active RhoA and the formation of aberrant vinculin-rich complexes [101] . While PAK1 is important in regulating the directional migration of myeloid cells towards a chemoattractant, PAK1 −/− macrophages show a preserved Colony Stimulated Factor-1-mediated chemotaxis [102] . In myeloid cells, PAK1 is an important scaffold protein, which by docking Gβγ and PIX, promotes activation of Cdc42 to further activate PAK1 itself and promote chemotaxis [112] . The chemokine CXCL1, which attracts leukocytes to damage tissue during inflammation, induces chemotaxis by activation of the Cdc42-PAK1 cascade in CXCR2-expressing HEK293 cells, independent of ERK1/2 activation [47].
PAK and macrophages
In macrophages, PAK1 regulates cytoskeletal dynamics with the net result of lamellipodia formation, which serve as the motor during cell migration [102] . T lymphocytes depend on PAK1 for lamellipodia formation and gene activation [113] . PAK1 −/− mice display defects in lamellipodia formation and a lack of response of macrophage and ERK activation in response to growth stimuli. Analysis of macrophages obtained from PAK1 −/− mice indicated lower stability of lamellipodia, in association with reduced Erk phosphorylation and activation. PAK1 plays a pivotal role in the regulation of cytoskeletal dynamics through Erk, as demonstrated by inhibitory effects on lamellipodia dynamics and cell locomotion by administration of Erk inhibitors [102] . In nonmyeloid cells, PAK1 influences the immune response mediated by T cells via Erk and NFAT [13] . Subdomains of SLP-76 and BLNK (SH2 domain-containing leukocyte phosphoprotein of 76 kDa and B cell linker protein, respectively) act as scaffold proteins to promote multiprotein assembly [114] . After phosphorylation of N-terminal tyrosines, both SLP-76 and BLNK bind to Vav and Nck, which in turn bind Cdc42, PAK1, and WASP, to finally activate Rho-GTPases [115, 116] . This complex mechanism appears to be critical for T-cell receptor-and B-cell receptorinduced actin cytoskeletal rearrangement and cell activation [117] .
Pak1 and mast cells
Degranulation of mast cell intracellular vesicles is largely mediated by PAK1 and PP2A [118] . Recently, it has been demonstrated that activation of PAK1 promotes PP2A subunit assembly and then activation [118] , which in turn dephosphorylates threonine 567 of Ezrin/ Radixin/Moesin (ERM) molecules [119] . Dephosphorylation of ERM results in changes of the F-actin and vesicle dynamics, followed by release of heparin and other inflammation mediators [119] . PAK1 knock-out mice are characterized by reduced systemic histamine release, while primary mast cells in which Ezrin expression is disrupted are characterized by impaired actin dynamics and reduced vesicle degranulation [119] .
PAK and endothelial cells
Endothelial cells serve as an active barrier function, and they are involved in neutrophil recruitment and hemostasis. In this respect, various studies have investigated myosin light chain (MLC) as a target of PAK1. PAK1 activation induces MLC dephosphorylation through activation of PP2A in human endothelial cells in an in vitro model of thrombininduced endothelial barrier dysfunction [120] . The expression in endothelial cells of activated PAK1 or unphosphorylatable MLC20 resulted in less thrombin-induced endothelial barrier dysfunction, implicating active PAK1 in regulating endothelial cell permeability [121, 122] . However, in a model of acute cardiac ischemia and reperfusion, MLC phosphorylation was reduced in the hearts from PAK1 knock-out mice compared to wild-type. Gamma-PAK phosphorylates non-muscle myosin II regulatory light chain [123] . PAK4 phosphorylates myosin regulatory light chain and contributes to Fcγ receptormediated phagocytosis [124] . PAK1 activation can increase or decrease MLC phosphorylation in primary human intestinal smooth muscle depending on the circumstances, such as mechanical stretch, via regulation of MLC phosphatase targeting subunit [125] . Rac induces an increase in phosphorylation of myosin regulatory light chain in HeLa cells [126] . Therefore, PAK regulation of MLC phosphorylation differs between various cell types and under different experimental conditions.
PAK and platelets
Platelets are cells that are primarily involved in hemostasis, in the inflammation process, in cytokine signaling, and phagocytosis [127] . In the presence of thrombin, cofilin present in platelets undergoes dephosphorylation and activation [128] . Recently, the class II of PAKs has been implicated as signal molecules that link intracellular Ca 2+ changes to cofilin dephosphorylation and activation, thus leading to degranulation of thrombin-activated platelets [129] . This study demonstrated that the Ca 2+ -dependent pathway leads to the secretion of granule content through activation of calcineurin and Rac1, which in turn activate the class II PAKs and cofilin [129] .
Role of PAK in organ diseases
PAK1 is widely distributed in the human body, although it is more abundantly expressed in the brain (subthalamic nucleus, occipital lobe) [130] , the cardiovascular system [130] , and the blood [14] . Expression levels of PAK isoforms in other cell types has been recently reviewed elsewhere [13] . In multiple cell types, PAK1 has been shown to interact with NADPH oxidase. In recent years, our understanding of the interaction between PAK1 and NADPH oxidase has recently progressed, both in cardiovascular and inflammatory diseases.
PAK1, NADPH oxidase, and the cardiovascular system
PAK1 is an important modulator of cardiac excitation-contraction coupling, which functionally operates at the level of the excitable membranes and at the level of the myofilament proteins. Recently, it has been demonstrated that PAK1 is a key protein that mediates the functional stability of the transverse tubule, a functional sarcolemmal invagination, in cardiac myocytes. In fact, in one study, PAK1 deficient mouse hearts were characterized by underdeveloped transverse tubule structural integrity, associated with decreased amplitude, prolonged rise time and delayed recovery time of transmembrane Ca 2+ transients [131] . However, on the contrary, additional studies have demonstrated that Ca 2+ transients do not change in PAK1-deficient ventricular myocytes (VM) when subjected to short periods of simulated ischemia. Under these conditions, an overload of intracellular Ca 2+ was measured due to an increase in the Na + /Ca 2+ exchanger (NCX) activity [132] . Under these conditions, it has been proposed that PAK1 suppresses NOX2 activity and reduces ROS production in the cardiac cells. In the absence of PAK1 (as in PAK1 −/− VM) or in VM in which PAK1 activity was pharmacologically achieved by administering the drug IPA3, excessive ROS production was measured as the result of increased NOX2 activity, leading to NCX-mediated Ca 2+ intracellular accumulation. PAK1/NOX2-mediated production of ROS was reduced in VM in which NOX2 activity deficient or inhibited. To our knowledge, this is the first evidence that PAK1 acts as a negative regulator of NOX2 in the cardiac cells, thus supporting the hypothesis that PAK1 itself could be critical for NOX2 assembly and function in the heart.
PAK1, NADPH oxidase, and inflammatory diseases
Similarly, PAK1 is involved in the regulation of NADPH oxidase in diseases associated with inflammatory activation, proliferation and angiogenesis of endothelial cells [133] . In human umbilical vein endothelial cells, it has been demonstrated that thrombin leads to the activation of phosphodiesterase 2 (PDE2) and subsequently Rac1, PAK1, and NOX2, which finally leads to ROS production, endothelial proliferation, and angiogenesis [133] . Along these lines, PAK1 activation is responsible for initiation of inflammation and atherosclerosis in endothelial cells of the aortic arch [5] , through a mechanism that implicates NF-kB, leucocyte recruitment, and fibronectin deposition. However, while NADPH oxidase has been heavily implicated in the development of atherosclerosis [134] , the possible involvement of NADPH oxidase in the activation of inflammatory pathways is yet to be experimentally verified.
Despite the vast number of studies investigating PAK regulation of the NADPH oxidase, it still remains poorly understood how PAK regulates NADPH oxidase in different cell types, and what overall effect this has on organ function, both normally and during a diseased state. A better understanding is required of the mechanism of PAK regulation of inflammation in different cell types. Future studies are warranted to discover the potential pharmaceutical interventions to regulate PAK in specific disease states.
PAKs as a pharmacological target
It has been previously demonstrated that the ATP-binding pocket in the kinase domain of PAK1 is characterized by a specific size and shape, in a way that is different from the other PAK family members, thus making this pocket a suitable target for specific pharmacological inhibition. Recently, a selective inhibitor with greater affinity for PAK1 than for PAK4-6 has been developed, thus confirming that ATP-binding pockets between different PAK isoforms significantly differ in their atomic structure [135, 136] . More recently, the cocrystallization of PAK1 with the selective and potent inhibitor FL172, obtained from a small library of 48 ruthenium complexes, represents an important pharmacological advancement. FL172 works as an allosteric inhibitor that targets the PAK1 transition state in mammalian cells [137] . Therefore, PAK is a good candidate for selective pharmacological targeting by small molecules because of its intrinsic structural properties. However, it is also clear that the novel small molecules targeted to inhibit PAK1 should have IC 50 values in the nanomolar range of PAK1 to achieve a more selective inhibition. So far, to the best of our knowledge, only a few molecules (FRAX486 developed by Afraxix, and the PAK1 inhibitor ST-2001, a derivative of staurosporine) are potent enough to inhibit PAK1 at nanomolar concentrations [137] [138] [139] .
PAK1 is an interesting target for affinity reagents. It naturally binds SH3 adaptor proteins such as PIX and NCK, making PAK itself a good binding partner for competitive inhibitory proteins. It is known that PAK1 structure naturally provides three potential binding sites for pharmacologically-active small proteins. The first binding site is located in the PBD, which corresponds to the Cdc42/Rac interactive-binding motif (residues [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] . The second and the third site for protein binding are the kinase inhibitory tail (residues 137-139) and the inhibitory switch (IS) (which overlaps the GTPase binding region of PAK1), two PAK domains that are suitable for binding of peptides or small proteins that can recognize specific PAK amino acid sequences. Recently, novel pharmacological strategies have been developed by computational design to target activated PAK1 with affinity reagents. Modifications of the IS have been developed to design better peptides that would bind the Clobe of the PAK1 kinase domain with increased stability, solubility and binding affinity [140, 141] . The development of new computational protocols used to design novel peptides can be used to engineer molecular probes that could detect the "open/closed" state and activity of protein enzymes, and also potentially work as therapeutics by manipulating their activities.
Notably, most of the aforementioned PAK pharmacological inhibitors are currently under investigation in cancer biology. It is known that PAKs have a clear role in the pathogenesis and progression of cancer, and have been implicated in the mechanisms that are responsible for cancer resistance to drugs. However, to the best of our knowledge none of these compounds have been investigated for their anti-inflammatory potential through the inhibition of PAK activity.
One major objective when designing specific PAK inhibitors is to target exclusively group I PAKs, since to the best of our knowledge, only PAK1 and PAK2 are involved in the inflammation process. PAK group I contains highly conserved C-and N-domains, which are not present in group II, a characteristic that confers drug specificity. Moreover, a better understanding of the molecular interaction of the PAK structure and the identification of the missing regions in the known crystal structure could help us design potent selective inhibitors that fit better in the PAK three-dimensional structure. Finally, PAK inhibitors should be specifically targeted to organs and/or cells involved in the inflammation process (e.g. white cells and the endothelium [5] ), thus sparing other organs (e.g. the heart) and limiting potential side effects that could be driven by PAK inhibition, such as cardiac hypertrophy [1, 52, 83] .
To the best of our knowledge, none of the drugs designed so far have been tested in the context of inflammation. Currently, recent studies have demonstrated that the inhibition of PAKs might be beneficial in several human conditions such as Neurofibromatosis Type 2 [135, 142] , fragile X syndrome [136] , thyroid cancer [143] , other cancers [144, 145] , and ulcerative colitis [9] . Yet, in spite of the large body of evidence that PAK1/2 regulate NADPH oxidase activity, no PAK inhibitors have been implicated in the regulation of inflammation. The reason for the delay in this specific area of investigation may stem from the yet incomplete characterization of the functional roles of PAK in neutrophil chemotaxis, oxidative burst, and other anti-microbial functions (e.g. phagocytosis, degranulation and neutrophil extracellular traps). Moreover, some PAK inhibitors recently developed failed to selectively inhibit PAK, or they rapidly degraded in the intracellular space (e.g. IPA-3) [146] . However, while small-molecule inhibitors are advantageous since they are generally hydrosoluble and orally bioavailable, other forms of inhibition could be achieved by using peptide inhibitors or monoclonal antibodies. Novel investigations in these directions are certainly merited.
Future directions
A promising area for PAK1-targeted therapeutics is allergen disorders [118, 147] . Some relevant studies have confirmed a primary role for PAK1 in orchestrating the cross-talk between inflammation, immunity, and allergy. In addition, recent expert opinions further support the idea for PAK1 involvement in these disorders and that PAK1 is a suitable target for pharmacological inhibition [148] . Moreover, a robust amount of literature indicates that NADPH oxidase is heavily implicated in the development of allergic reactions [149] [150] [151] [152] . In spite of this initial evidence, it is still unclear in which specific allergic disorders PAK1 is involved, and what could be the role of PAK1 in regulating NADPH oxidase under these conditions. Our understanding of the relationship between PAK1 and NADPH oxidase should therefore be explored in a series of conditions, including allergic reactions, asthma, and anaphylactic shock. Novel anti-allergic drugs that would target PAK would represent a novel approach to the treatment of allergies, which would add anti-Pak drugs to the current pharmacological armamentarium. (See Table 2 for a concise list of future directions and open questions of PAK signaling, and Fig. 2 for a summary of some of the above mentioned studies, as well as a proposed possible signaling pathway.)
Conclusions
In conclusion, it should be kept in mind that PAK-mediated phosphorylation of the NADPH oxidase is only one of many ways by which the inhibition of the NADPH oxidase can be achieved. In fact, other mechanisms (such as the assembly of the NADPH oxidase complex, translocation of NADPH oxidase subunits to the membrane, post-translational modifications, changes in calcium transients and membrane potentials, as well as changes in the NADPH oxidase gene expression) may significantly affect the NADPH oxidase activity and its potential inhibition. To add complexity to this matter, the different levels of PAK isoform expression in different bodily tissues and organs, as well as its subcellular localization and function may vary significantly. Therefore, additional studies should be oriented towards the investigation of other means of NADPH oxidase inhibition, and/or should aim at the identification and characterization of drugs that target unique PAK1/2 motives and/or that target specific intracellular PAK microdomains. PAK1 structure and mechanism of activation. PAK1 primary structure is illustrated in the top panel (A). The N-terminus of PAK1 structure is characterized by the autoregulatory fragment, as well as sites for the binding of Nck, Grb2, and PIX. The N-terminal end of PAK also comprises a series of well-conserved proline residues that are functionally important for PIX-mediated activation of PAK1. The autoregulatory fragment is a complex amino acid stretch that comprises the p21-binding domain (PBD) for Rac1 and Cdc42, as well as some functional sites, namely the dimerization segment (DI), the inhibitor switch domain (IS), and the kinase-inhibiting segment (KI). The C-terminus end of the PAK1 protein comprises the bilobal catalytic kinase domain. PAK1 quaternary structure is illustrated in the bottom panel (B). When inactive, PAK1 homodimerizes with another PAK1 protein, a dimeric complex that is stabilized in its inactive conformation by the KI segment, which prevents ATP from accessing its binding pocket in the PAK1 structure. The inactive state of PAK1 is further stabilized by the IS domain, which by interacting with the kinase domain, further stabilizes the interaction of the KI domain with the kinase domain. Following the binding of GTP-bound Cdc42/Rac1 association with PBD, the IS and the KI domains undergo a conformational change, which results in the activation of the kinase domain, uncoupling of the PAK1 dimer, and (auto)phosphorylation of PAK1, a series of events that leads to the stabilization of the monomeric active conformation. Figure adapted from [163, 164] . (A) Structure of NADPH oxidase (NOX). Catalytic Nox subunits (Nox1, Nox2, Nox3, Nox4, Nox5) and Duox1/2 are shown. Nox2 (gp91phox), originally found in phagocytes, is a prototype of Noxs. In plasma or endosomal membranes, Nox1, Nox2, Nox3 and Nox4 couple with the regulatory subunit p22phox. Nox1, Nox2, and Nox3 associate with a cytosolic small G protein Rac, and a cytosolic "activator" subunit (p67phox or NOXA1) as well as an "organizer" subunit (p47phox or NOXO1), which is required for NOX activation. Nox4 does not require cytosolic subunits for its activation. In addition, Nox5 and Duox1/2 do not need other subunits and are activated by Ca 2+ via Ca 2+ -binding EF-hand motifs, while Duox1/2 contain a peroxidase domain in the extracellular space. (B) Regulation of NADPH oxidase by PAK. Upon agonist stimulation, the small G protein Rac1 translocates from the cytosol to the membranes and associates with the cytosolic "activator" subunit p67phox. Rac1 then activates PAK, which in turn induces phosphorylation of cytosolic organizer subunit p47phox. This results in the assembly of the Nox2 (gp91phox)-based oxidase complex and increased O 2− production. Table 1 The catalytic subunit NOX1 binds to and requires stabilization partner p22phox for activity, in addition to the binding of the organizer/regulatory subunit NOXO1 (or its homolog p47phox), and the activating subunit NOXA1 (or its homolog p67phox), which interacts with Tks4 and Tks5 (two regulators of NOX1). Similarly, both the cytosolic p47phox and p67phox are necessary for NOX2 activity, along with Rac1 (or Rac2), p40phox, and p22phox. NOX3 is functionally very similar to NOX1 and 2. NOX1, NOX2 and p22phox are membrane-bound subunits that assemble together with the flavocytochrome b558 (cyt b558) of FADH to form the catalytic core of the NADPH oxidase. NOX4 and NOX5 are structurally less complex, the former requiring p22phox, and the latter requiring Ca 2+ and calmodulin to bind the N-terminal EF hand Ca 2+ -binding sites, in order to be constitutively active. DUOX1 and DUOX2 are evolutionarily related to the NOX5 isoform. However, DUOX1/2 differ from NOX5 by the number of N-terminal transmembrane domains and the presence of extracellular peroxidase homology domains. (CaM = Calmodulin; EF hand motif = helix-loophelix structural domain; PLCγ2 = Phospholipase Cγ2; PLD = Phospholipase D) 
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Future directions and open questions:
Novel PAK inhibitors should target only PAK1 and PAK2 and achieve specific inhibition in inflammatory cells only.
A better understanding of the missing regions in the crystal structure of PAK1 and PAK2 will help design better selective inhibitors.
Old and new PAK1 and PAK2 inhibitors should be tested in the context of inflammation.
The role of PAK1 and PAK2 is still unclear in many aspects of cell inflammation.
Alternative means of PAK1 and PAK2 inhibition such as peptide inhibitors or monoclonal antibodies should be investigated.
Is there a role for PAK inhibition in allergy disorders?
Are there alternative ways to achieve PAK inhibition other than preventing PAK phosphorylation/activation?
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